Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is the most commonly occurring hereditary disorder causing chronic kidney disease (CKD) worldwide, whereas about 5% of patients reaching end-stage renal disease (ESRD) in both sites of the Atlantic have ADPKD as the primary cause of renal failure [1] . The natural course of ADPKD is rather distinct from other primary kidney diseases, as in the majority of patients renal function is maintained within the normal range until fourth to sixth decade of life, whereas hypertension is an early event and usually occurs prior to renal function deterioration [1] . Apart from the well-established role of kidney enlargement and renal cysts growth [2, 3] , several aspects regarding pathogenesis and progression of kidney injury in ADPKD remain unclear.
Background studies have shown decreased production and bioavailability of nitric oxide (NO) at the kidney level in experimental models of ADPKD [4, 5] . In addition, clinical studies have revealed that ADPKD patients with normal renal function have impaired endotheliumdependent vasodilatation in different vascular beds, suggesting that endothelial dysfunction may represent a special feature in these patients [6, 7] . Asymmetric dimethylarginine (ADMA) is a naturally occurring amino-acid acting as inhibitor of NO synthase and is considered a risk factor for endothelial dysfunction and cardiovascular disease [8, 9] . Several lines of evidence have suggested that ADMA may also represent a marker of CKD progression [8, 9] . In this context, it was hypothesized that inhibition of NO synthase activity by ADMA may represent one potential mechanistic pathway for endothelial dysfunction and kidney injury progression in ADPKD. However, clinical studies evaluating levels of ADMA in these patients are very few [10, 11] and suffer from limitations.
In addition to the above, experimental and clinical studies have shown that aggravation of oxidative stress can promote kidney injury through a number of mechanisms, including interference with bioavailability of NO at the kidney level [12, 13] . Animal studies have also suggested that impaired oxidant-antioxidant balance exacerbates renal function decline in experimental models of rapidly progressive polycystic kidney disease [14, 15] . However, the question whether increase in oxidative stress occurs from the early stages of ADPKD and to what extent reduced anti-oxidant protection is implicated in pathophysiology of endothelial dysfunction and renal damage in these patients remain unknown, as clinical studies evaluating oxidant status and its association with the NO pathway in ADPKD are limited [11, 16] .
In this context, the aim of the present study is to investigate the levels of ADMA in relation to 15-F 2t -Isoprostane (15-F 2t -Isop) and oxidized-low density lipoprotein (oxidized-LDL), which are proposed to be two highly accurate circulating measures of oxidative stress in vivo [17] , in ADPKD patients with modestly impaired and preserved renal function.
Material and Methods

Study population
All consecutive ADPKD patients attending the Nephrology Outpatient Clinic of AHEPA University Hospital, Thessaloniki Greece, and General Hospital of Pieria, Katerini, Greece during the calendar years 2010 and 2011 were evaluated for possible recruitment in this study. Initial evaluation included detailed medical history, physical examination and standard laboratory tests. Inclusion criteria consisted of: a) patient to have a documented diagnosis of ADPKD, according to standard ultrasonographic criteria and positive family history of the disease; b) age from 18 to 65 years; c) patient to have provided informed written consent. Patients were excluded from the study in case of: a) CKD stage IIIb or higher, with an estimated glomerular filtration rate (eGFR) below of 45ml/min/1.73m 2 , defined according to the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) guidelines [18] ; b) acute or chronic inflammatory disease; c) current use of cyclooxygenase inhibitors or vitamin E supplements; d) history of complicated renal cysts in the 3 previous months prior to study enrollment; e) acute myocardial infarction, unstable angina or ischemic stroke during the past 3 months; f) evidence of peripheral occlusive arterial disease; g) stage III-IV heart failure, according to the New York Heart Association (NYHA) criteria.
A total of 52 ADPKD patients fulfilling the above inclusion/exclusion criteria who volunteered to undertake the protocol procedures were finally enrolled in this study. The patient population consisted of 2 groups: the first (Group A) included 26 ADPKD patients with modestly impaired renal function i.e., eGFR ranging from 45 to 70 ml/min/1.73m 2 and the second group (Group B) included 26 age-and sex-matched ADPKD patients with relatively preserved renal function i.e., eGFR>70 ml/min/1.73m 2 . Another 26 age-and sex-matched volunteers (either healthy or with mild primary hypertension and serum creatinine within normal levels) formed the control group of this study (Group C). All protocol procedures were conducted in accordance with the Declaration of Helsinki (2000 amendment) and study protocol was approved by the Ethics Committee of School of Medicine, Aristotle University of Thessaloniki. All study participants provided informed written consent prior to study initiation.
Study protocol
Study participants came to the Nephrology Outpatient Clinic of our department after a 12-hour overnight fast and without having received their morning medication. For the purposes of the study, information regarding demographic characteristics, medical history and concomitant medication, smoking habits as well as anthropometric and office blood pressure (BP) measurements were recorded in a standardized manner for each individual patient. On the previous day, study participants have performed a 24-hour urinary collection to determine the urinary albumin and creatinine excretion. Finally, all study participants gave blood samples in the morning in order to determine standard hematological and biochemical parameters as well as markers of endothelial dysfunction and oxidative stress under study. Estimation of GFR was performed with the use of the Modification of Diet in Renal Disease (MDRD) study formula, according to the guidelines [18] .
Laboratory Analyses
Routine hematological and biochemical parameters were measured with standard laboratory methods. For the determination of markers of endothelial dysfunction and oxidative blood samples were collected in standard EDTA tubes and were immediately centrifuged. The supernatants were stored at -70°C until the quantitative determination of the parameters under study. Levels of ADMA were measured with the method of competitive enzyme-linked immunoassay using a commercially available ELISA kit (Immunodiagnostik AG, Bensheim, Germany). The method has a high sensitivity and specificity and intra-and inter-assay coefficients of variation of well below 5%, respectively [19] . Plasma 15-F 2t -IsoP levels were determined with an enzyme immunoassay using a standard commercial kit (Cayman Chemicals, Ann Arbor, Mich., USA). Oxidized-LDL levels were assessed by a competitive ELISA utilizing a specific murine monoclonal antibody (Mercodia Oxidized LDL ELISA, Uppsala, Sweden). High sensitivity C reactive protein (hsCRP) was quantified with an immunonephelometric method (CardioPhase hsCRP, Dade Behring, USA) in Nephelometer BN 100 (Dade Behring, Germany). Homocysteine was determined by fluorescence polarization immunoassay, using Abbot IMx analyzer (Abbot Diagnostics, Abbot Park, Ill).
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) software version 17 (SPSS Inc, Chicago, Ill, USA) for Windows XP. Continuous variables are expressed as mean ± standard deviation (mean±SD). Between groups comparisons for categorical variables were performed with the Chi Square (χ 2 ) test or Fisher's exact test and for continuous variables with one-way analysis of variance (ANOVA). To explore the differences between various pairs of the three study groups, we were also evident in levels of total cholesterol, uric acid, SBP and number of antihypertensive agents between ADPKD patients with impaired renal function and controls ( Table 1) .
As shown in Table 2 and Figure 1 , ADPKD patients with impaired renal function differed significantly from both groups of ADPKD patients with preserved renal function and controls with regards to ADMA, 15-F 2t -IsoP and oxidized-LDL (P<0.001 for all comparisons). Patients with ADPKD and preserved renal function had higher circulating levels of ADMA than controls (1.26±0.7 vs 0.51±0.2 μmol/l, P<0.001).
Furthermore, statistically significant differences were observed in levels of 15-F 2t -IsoP and oxidized-LDL between ADPKD patients with normal renal function and controls (788.8±185.0 vs 383.1±86.0 pgr/ml, P<0.001 and 11.4±6.6 vs 6.4±2.6 EU/ml, P<0.05, respectively).
ADPKD patients with preserved renal function had also higher homocysteine levels than controls, but these groups did not differ in terms of hsCRP. With regards to the group of ADPKD with impaired renal function, these patients Oxidized-LDL (Eu/ml) had significantly higher levels of both homocysteine and hsCRP than controls, whereas no statistically significant differences in these parameters were observed between groups of ADPKD patients with impaired and preserved renal function (Table 2) .
In an attempt to identify possible determinants of elevated levels of ADMA in patients with ADPKD we performed relevant correlation analyses. ADMA levels were not significantly related to urinary albumin excretion (r=0.107, P=0.452), presence of hypertension (r=0.207, P=0.141) and smoking status (r=0.067, P=0.636). As shown in Figure 2 , ADMA levels exhibited strong positive associations with 15-F 2t -IsoP (r=0.811, P<0.001), oxidized-LDL (r=0.788, P<0.001), homocysteine (r=0.677, P<0.001) and hsCRP levels (r=0.444, P<0.001). In addition, correlation analysis revealed inverse associations of eGFR with levels of ADMA (r=-0.460, P<0.001), 15-F 2t -IsoP (r=-0.578, P<0.001) and oxidized-LDL (r=-0.513, P<0.001), (Figure 3) .
Discussion
This study sought to investigate levels of ADMA in relation to circulating markers of oxidative stress in early stage ADPKD. The main finding of this study was that ADMA levels were elevated in ADPKD patients with relatively preserved renal function as compared to age-and sex-matched controls, suggesting that NO synthase inhibition by ADMA may be involved in the endothelial dysfunction detected in these patients from early stages. This increase in ADMA levels was shown to be associated with aggravation of oxidative stress, as levels of both 15-F 2t -IsoP and oxidized-LDL were also higher in ADPKD patients than controls with similar eGFR. ADMA, as well as indices of oxidative stress, were found to be further elevated in ADPKD patients with modestly impaired renal function, whereas significant associations of circulating ADMA, 15-F 2t -IsoP, and oxidized-LDL with eGFR decline were evident. Background and clinical studies have suggested that endothelial dysfunction may represent a special characteristic of vasculature in ADPKD patients from early stages of the disease. Wang et al. have shown impaired endothelium-dependent vasorelaxation in subcutaneous resistance vessels dissected from gluteal biopsy specimens from patients with ADPKD and normal eGFR [20, 21] . Subsequent studies revealed that flow-mediated dilatation of brachial artery assessed with the method of reactive hyperemia is reduced and pulse wave reflections from peripheral sites are amplified in ADPKD patients with preserved renal function [6, 7, 22] , suggesting a deficit in NO release in the small branches of the arterial tree. In this context, it was hypothesized that inhibition of NO synthase activity by ADMA may be implicated in the complex mechanistic background of endothelial dysfunction in these individuals
In addition, impaired NO metabolism due to elevation of ADMA was shown that occurs in non-ADPKD patients with other primary kidney diseases and normal renal function [23, 24] . Caglar et al showed that levels of ADMA and hs-CRP were significantly higher in 78 patients with non-diabetic proteinuric nephropathy and normal renal function as compared to 38 healthy controls, whereas ADMA levels exhibited significant association with urinary albumin excretion [23] . A subsequent study by Yilmaz et al. [24] confirmed that 121 non-diabetic proteinuric patients with preserved renal function (including also 39 patients with nephritic range proteinuria and secondary amyloidosis) had higher levels of ADMA and lower flowmediated vasodilatation of brachial artery in comparison with 50 age-, sex-and BMI-matched healthy individuals; again, proteinuria was significantly associated with levels of ADMA and measures of endothelial dysfunction [24] .
Previous studies evaluating the potential role of ADMA in pathogenesis and progression of ADPKD are very few in number [10, 11] and have important methodological limitations such as small sample sizes, and lack of appropriate matching. In the first study of the field, Kielstein et al. [10] showed that 20 ADPKD patients with different stages of CKD have elevated levels of ADMA as compared to 16 normotensive, non-diabetic, non-smoking controls with normal renal function. When ADPKD population was stratified into different sub-groups according to the serum creatinine concentration, it was shown that elevation in ADMA levels occurred even in ADPKD patients with preserved renal function, but ADMA levels were not further elevated in the sub-groups of patients with advanced CKD; this could be attributed to the small sample-size of the study and to the even lower sample-size of the sub-groups (i.e. 6-8 patients) [10] . In a subsequent study, Wang et al. [11] observed that circulating levels of ADMA were significantly higher in a group of 27 ADPKD patients with normal renal function than in 30 age-matched healthy controls. This increase in ADMA was accompanied by elevated levels of 13-hydroxyoctadecadienoic acid (HODE), a lipid peroxidation product assessed as marker of oxidative stress [11] . However, this study did not include ADPKD patients with impaired renal function and failed to demonstrate a link between ADMA accumulation and oxidative stress aggravation [11] . The present study expands the previous findings, showing that elevation of ADMA is evident in ADPKD patients prior to eGFR decline, but it is further amplified in patients with modestly impaired renal function.
In addition to the above, the present study showed for first time that levels of 15-F 2t -IsoP and oxidized-LDL are elevated in patients with early stage ADPKD as compared to age-and sex-matched individuals without ADPKD. Experimental studies have revealed up-regulated mRNA expression of heme oxygenase-1, an inducible marker of oxidative stress, and reduced mRNA expression of anti-oxidant enzymes at the kidney level, both of which were associated with the severity of kidney injury in mouse and rat models of rapidly progressive polycystic kidney disease [14, 15, 25] . Increased LDL per se can be a possible mechanistic pathway for the aggravated oxidative stress in ADPKD [26, 27] . Since LDL-cholesterol enters into the endothelium of vessel walls, its molecule suffers an oxidative attack by reactive oxygen species (ROS), leading to the generation of oxidized-LDL. Subsequently, oxidized-LDL can initiate a vicious circle, i.e. enhance subclinical vascular inflammatory processes, which in turn further aggravate the cascade of oxidative stress [26, 27] . Increase in oxidative stress in early stage ADPKD is also supported by a recent clinical study, in which patients with ADPKD and eGFR above 60 ml/min/1.73m 2 with or without hypertension had higher levels of 8-epi-prostaglandin F 2a ) and superoxide dismutase (SOD) as compared to healthy controls [16] .
Moreover, correlation analyses in the present study revealed strong positive associations of both 15-F 2t -IsoP and oxidized-LDL with levels of ADMA, suggesting that oxidative stress may be involved in impaired NO availability and metabolism. In this regard, the main metabolic pathway of ADMA is citrulline and dimethylamine or monomethylamine, a reaction catalyzed by N G , N G -dimethylarginine dimethylaminohydrolase (DDAH) [8] . Reduced anti-oxidant protection of the cysteine residue in the reactive site of DDAH can result in decreased DDAH activity and elevated circulating levels of ADMA during oxidative stress [28, 29] . The link between oxidative stress and endothelial dysfunction in ADPKD is also supported by a recent experimental study [30] in mice with polycystic kidney disease 2. In that work, the acetylcholine-stimulated endothelium-dependent vasodilatation in isolated arterioles was impaired and accompanied by elevated basal superoxide and sodium nitroprusside-stimulated peroxynitrite formation in isolated vascular smooth muscle cells (VSMC), whereas these defects were reversible after the administration of the peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist rosiglitazone [30] .
The finding of the present study that ADMA, 15-F 2t -IsoP and oxidized-LDL accumulate in ADPKD patients from the early stages of the disease course and even before renal function decline suggests that endothelial dysfunction and oxidative stress may be involved in development and progression of kidney injury in these patients. This hypothesis is supported by experiments showing impaired NO-dependent vasodilatation in renal arterioles and reduced expression of NO synthase in macula densa cells in rodent models of polycystic kidney disease [4, 5] .
Additional support is provided by other studies showing that ADMA administration in uninephrectomized mice induces elimination of peri-tubular capillaries, up-regulation of mRNA expression of collagen type 1 and elevation in renal concentrations of transforming growth factor (TGF)-β1, resulting in tubulointerstisial fibrosis [31, 32] . Further interference of free radical species with production and availability of NO at the kidney level may represent another mechanistic pathway through with oxidative stress promotes kidney damage in ADPKD [13] . Importantly, prospective cohort studies evaluating hard renal endpoints have demonstrated that ADMA represents strong and independent predictor of the rate of renal function decline in diabetic and non-diabetic CKD [33, 34] .
Although, to the best of our knowledge, this work is the largest study evaluating levels of ADMA in relation to markers of oxidative stress in patients with ADPKD, there are still some methodological limitations that have to be acknowledged. First, a proportion of study participants had hypertension, albuminuria and were smokers. Despite the fact that ADMA was not associated with BP levels, urinary albumin excretion and smoking status in correlation analysis, the possibility that these factors may have influenced levels of ADMA cannot be excluded. In addition, this study evaluated only levels of ADMA in plasma and not in the urine; thus, to what extent reduced urinary ADMA excretion was involved in accumulation of circulating levels of ADMA cannot be estimated. Finally, as patient evaluation was performed in a single occasion, any cause-and-effect associations between ADMA, oxidative stress and kidney injury cannot be established in this study.
Conclusion
In conclusion, the present study showed that ADPKD patients with relatively preserved renal function have higher levels of ADMA, oxidized-LDL and 15-F 2t -IsoP than non-ADPKD controls; these markers of endothelial dysfunction and oxidative stress were further elevated in ADPKD patients with modestly impaired renal function and were shown to be associated with the eGFR decline. Future prospective cohort studies will be required in order to fully elucidate whether this early occurrence of endothelial dysfunction and oxidative stress mediates kidney damage progression in patients with ADPKD.
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